Background Nephrogenic systemic fibrosis is a fibrosing disorder associated with exposure to gadolinium-based contrast agents in people with severely compromised renal function. Objective The purpose of this study was to determine the reported number of cases of nephrogenic systemic fibrosis in children using three distinct publicly available data sources. Materials and methods We conducted systematic searches of the U.S. Food and Drug Administration Adverse Event Reporting System (FAERS), the International Center for Nephrogenic Systemic Fibrosis Research (ICNSFR) registry and published literature from January 1997 through September 2012. We contacted authors of individual published cases to obtain follow-up data. Data sets were cross-referenced to eliminate duplicate reporting. Results We identified 23 children with nephrogenic systemic fibrosis. Seventeen had documented exposure to gadoliniumbased contrast agents. Six children had been reported in both
Introduction
Nephrogenic fibrosing dermopathy was first noticed clinically in 1997. In 2000 a publication described 13 adults with endstage renal disease who developed a scleromyxedema-like skin disorder [1] . Subsequent studies demonstrated systemic involvement leading to the current name, nephrogenic systemic fibrosis (NSF) [2] [3] [4] . Clinically the skin becomes thickened and tethered to the underlying tissue, resulting in reduced range of motion and contractures [5] . Internal organs, including the lungs, heart, dura mater and muscles, can be involved in the fibrosing process [6] .
Gadolinium-based contrast agents are used to improve the detection and characterization of lesions during MRI and MR angiography. Gadolinium-based contrast agents can be classified based on structure, linear or cyclic, or charge, ionic or nonionic [7] . These characteristics can contribute to the agents' relative toxicity. Although gadolinium-based contrast agents are associated with a lower incidence of adverse events than iodinated contrast agents (ICAs) [8] and might be considered safer than iodinated contrast agents in people with renal dysfunction [9] , the association between gadolinium-based contrast agents and nephrogenic systemic fibrosis, initially hypothesized in 2006, has significantly altered current practice [10] .
Nephrogenic systemic fibrosis occurs exclusively in people with severely compromised renal function. This is precisely the population at risk for contrast-induced nephropathy associated with iodinated contrast agents [11] . Renal excretion is the primary elimination route for gadolinium-based contrast agents. In healthy individuals, the half-life of some agents may be only 1.3 h, whereas it can be prolonged to 10 h when the estimated glomerular filtration rate (eGFR) is 20-40 mL/ min/1.73 m 2 and to more than 3 weeks in end-stage renal disease [12, 13] . The mechanism by which gadolinium promotes nephrogenic systemic fibrosis remains unknown; however it has been hypothesized that prolonged tissue exposure to gadolinium-based contrast agents, along with the presence of other factors such as inflammatory events, metabolic acidosis and erythropoietin exposure, might allow elemental gadolinium to separate from its ligand and disperse and deposit in tissue, promoting fibrosis [14] . The presence of gadolinium in tissue might be responsible for the occurrence of nephrogenic systemic fibrosis in susceptible children [12] .
Although nephrogenic systemic fibrosis has been described in adults, very little is known about its epidemiology, especially in children [5, [15] [16] [17] [18] [19] [20] [21] [22] [23] . The aim of this project was to ascertain the number of cases of nephrogenic systemic fibrosis in children using three distinct data sources dating from Jan. 1, 1997, to Sept. 30, 2012.
Materials and methods
The Research on Adverse Drug Reactions and Reports (RADAR) project is a clinically based academic postmarketing surveillance program based at Northwestern University. The program systematically investigates and disseminates information describing serious and previously unrecognized adverse drug and device reactions; more than 40 such reports have been generated since 1998. The overarching goals of the program are to identify, evaluate and disseminate reports on adverse drug and device reactions, thus improving patient safety [24] .
After Northwestern University Institutional Review Board (IRB) approval, using RADAR (Research on Adverse Drug events And Reports) methodology [24, 25] , we examined several data sources, including the U.S. Food and Drug Administration Adverse Event Reporting System (FAERS), the International Center for NSF Research (ICNSFR) registry and published case reports. Pediatric patients are defined as 18 years and younger.
Food and Drug Administration Adverse Event Reporting System (FAERS)
The search period for FAERS was Jan. 1, 1997, to Sept. 30, 2012 . Search terms included "nephrogenic systemic fibrosis," "nephrogenic fibrosing dermopathy" and all U.S.-marketed generic and brand names for gadolinium-based contrast agents. Redacted narrative summaries for all 1,515 search matches were obtained through the Freedom of Information Act. Sorting by age and assessing for redundancy based upon gender, concurrent medical diagnoses and published articles mentioned in some of the reports, we determined the number of cases attributable to the pediatric age group. If age was not reported, further review was done to pinpoint pediatric versus adult cases.
International Center for Nephrogenic Systemic Fibrosis Research (ICNSFR)
ICNSFR data were retrieved from inception through Sept. 30, 2012 . The ICNSFR is a voluntary international registry founded and maintained by Dr. Shawn Cowper, a dermatopathologist, who verifies each case for clinical and pathological consistency with nephrogenic systemic fibrosis and for uniqueness within the registry [26] . For this project, the ICNSFR provided age and date of onset of nephrogenic systemic fibrosis and date of biopsy for all known cases age 18 years and younger.
Published case reports
We conducted searches dating from January 1997 through September 2012 using PubMed, Embase and Cochrane Library databases. Search terms included "nephrogenic systemic fibrosis," "nephrogenic fibrosing dermopathy," "pediatrics" and "children." Eight case-report authors were contacted directly for additional data, including exposure to gadoliniumbased contrast agents and dose, as well as clinical outcomes. When the FDA report referenced a publication related to the case, we reviewed the narrative text from the FAERS MedWatch report with the author of the publication to reconcile the data. All cases were cross-referenced within and among data sources to identify redundant reports.
According to the current clinicopathological definition for the diagnosis of nephrogenic systemic fibrosis, major clinical criteria include: cutaneous patterned plaques, joint contractures, skin cobble-stoning and marked induration or peau d'orange, and minor criteria include cutaneous puckering or linear banding, superficial plaques or patches, dermal papules and, in people younger than 45 years, scleral plaques. The diagnosis of nephrogenic systemic fibrosis was based on recently published criteria as follows: if there is more than one major criterion the clinical diagnosis is highly consistent with nephrogenic systemic fibrosis; with one major criterion the diagnosis is suggestive of nephrogenic systemic fibrosis; with more than one minor criterion the diagnosis is consistent with nephrogenic systemic fibrosis [27] .
Results
Forty reports were detected in the three data sources resulting in 23 non-redundant pediatric cases of nephrogenic systemic fibrosis, including 16 from the FAERS, 12 from the ICNSFR and 12 in the literature [5, [15] [16] [17] [18] [19] [20] [21] [22] [23] 28] .
Of the 16 reports in FAERS, 1 individual was replicated 4 times, leaving 12 non-redundant cases. The ICNSFR registry retains secured patient identifiers locally in order to avoid redundancies within the database. Of the 12 reports in the literature, 3 involved multiple reporting, leaving 9 non-redundant cases.
Six of the non-redundant cases were in both the FAERS and the published literature and four in both the FAERS and the ICNSFR registry. Five non-redundant cases appeared in all three data sources.
Thirteen of the 23 non-redundant cases described herein were highly consistent with nephrogenic systemic fibrosis, 7 were consistent with NSF, and 3 were suggestive of NSF. These 3 cases suggestive of nephrogenic systemic fibrosis were found in the FAERS data set only.
Of the 23 non-redundant cases (mean age 13.6 years, range 6-18 years) 11 were boys, 3 girls. Gender was unreported in the remaining 9 cases.
Exposure to gadolinium-based contrast agents was reported in 74% of the children (17/23). All FAERS cases indicated previous exposure to gadolinium-based contrast agents because MedWatch reporting necessitates naming the agent for which the adverse event is being assessed. All nine children in the published literature had exposure to gadolinium-based contrast agents: seven children were documented in the original publication and two were discovered through author contact. Although ICNSFR registry inclusion does not require documented exposure to gadolinium-based contrast agents, exposure was confirmed in 5 of the 12 ICNSFR cases (note: one additional case was confirmed by another source to have had exposure to gadolinium-based contrast agents). Of the 17 children with reported exposure to gadolinium-based contrast agents, 7 received gadodiamide only, 2 received both gadodiamide and gadopentetate dimeglumine, 3 were exposed to multiple gadolinium-based agents (gadodiamide, gadoversetamide, gadoteridol, gadobenate dimeglumine and gadopentetate dimeglumine) and 5 had exposure to an unspecified gadolinium-based contrast agent (Fig. 1) . Thus, 12 of 17 (71%) children with reported product-specific exposure to gadolinium-based contrast agents had received the linear nonionic agent gadodiamide.
Among known renal disease, 6 children reported had chronic kidney disease and only 2 had acute kidney injury. Ten were individuals on dialysis. Of the 10 children with known outcome, 5 had died and 5 had improvement of nephrogenic systemic fibrosis after kidney transplant or treatment. Characteristics for each case are shown in Table 1 . In addition, in a publicly available legal data set, only one pediatric case has been reported among the 382 individual biopsy-proven, product-specific cases of nephrogenic systemic fibrosis [29] . These findings suggest that reports of nephrogenic systemic fibrosis are far less common in children than in adults. Privacy regulations severely impair the ability to identify individual cases in publicly available data sets, yet this report demonstrates how data mining of multiple publicly available sources can achieve more complete and accurate data than with any one of the data sets utilized for this study. All three data sources were utilized to cross-compare and eliminate redundant case reports. FAERS reports were presented as scanned and redacted MedWatch forms with narratives. These reports were productspecific, each with a unique Individual Safety Report number. Manufacturers assign each report with a manufacturers' control number. While the MedWatch form allows for input of pertinent data, some forms were missing relevant details such as birth date, dose and event date. Four FAERS reports contained case-related citations allowing for reconciliation with published reports; this linkage served to confirm product-specific exposure to gadolinium-based contrast agents.
The FAERS has no clinical validation process nor does it screen for duplicates prior to entry into the database. The aim is to capture all cases through mandatory product-specific adverse event reporting by manufacturers and voluntary reporting by others. Because nephrogenic systemic fibrosis is associated with exposure to gadolinium-based contrast agents, prior exposure to these agents was usually the impetus for reporting. Theoretically, if there was uncertainty as to which agent was culpable, a case may have been reported voluntarily to more than one gadolinium-agent-producing pharmaceutical company. Then each of the companies would have reported the case to the FAERS. Hence, exposure to a single gadolinium-based contrast agent could have generated redundant reports with unique Individual Safety Reports. Both mandatory and voluntary reporting of cases can occur. Attorneys, healthcare workers, patients and their family members are among those who can voluntarily report to FAERS, again potentially triggering duplicate reporting.
Publications offer the most clinical detail, including the progression of events leading up to the diagnosis such as the reason for imaging, the initial symptoms and signs, and therapies used. Such details, including medical history, known comorbidities, the place of care, and specialties of the treating physicians, helped facilitate the determination of non-redundant cases.
The availability of histopathology related to all 9 nonredundant literature reports helped to confirm the diagnosis. Clearly, in case reports published prior to the recognition of an association between gadolinium and nephrogenic systemic fibrosis, exposure to gadolinium-based contrast agents was not described. These missing data were obtained either by direct contact with the author or by reconciliation with the narrative information in the relevant FAERS report. As a result, this review confirmed that gadodiamide was used in all nine children in whom use of a specific gadolinium-based contrast agent was identified. This is similar to the findings in adults [23, 30, 31] .
According to a 2010 FDA directive, gadodiamide (Omniscan™; GE Healthcare, Princeton, NJ), gadopentetate dimeglumine (Magnevist™; Bayer Schering Pharma, BerlinWedding, Germany) and gadoversetamide (Optimark™; Mallinckrodt Inc., Hazelwood, MO) are contraindicated in patients with acute kidney insufficiency or chronic severe renal insufficiency (glomerular filtration rate <30 mL/min/ 1.73 m 2 ) [32] . Both gadodiamide and gadoversetamide are linear, nonionic agents and gadopentetate dimeglumine is a linear, ionic agent. All three have low kinetic stability relative to other gadolinium-based contrast agents [33] . Although the pathogenesis of nephrogenic systemic fibrosis and the mechanism by which gadolinium might promote the disease remain unknown, it has been hypothesized that an agent with low stability could readily allow a gadolinium ion to detach from its chelating ligand, and this process could be more significant when elimination is delayed by poor renal function [34] .
Because there are no evidence-based guidelines for the prevention of nephrogenic systemic fibrosis in children, the American College of Radiology guidelines do not indicate that children are at any different risk for nephrogenic systemic fibrosis from adults and advise that adult guidelines for dosing and administration of gadolinium-based contrast agents be followed in children with renal dysfunction [35] . Such recommendations indicate that people with severe chronic kidney disease (eGFR <30 mL/min/1.73 m 2 ) or acute kidney injury should avoid exposure to gadolinium-based contrast agents. Moreover if a gadolinium-based contrast agent is needed the recommendation is to use the lowest possible dose. In addition, although nephrogenic systemic fibrosis has not been reported in a child 8 years or younger, caution should be used when administering these contrast agents to neonates and infants because of renal immaturity and potential glomerular filtration rates under 30 ml/min/1.73 m 2 [35] . The European Medicines Agency's Committee for Medicinal Products for Human Use (CHMP), based on expert opinion, recommends that high-risk gadolinium-based contrast agents (gadodiamide, gadoversetamide and gadopentetate dimeglumine) not be used in neonates younger than 4 weeks or in those with immature kidneys; the dose should also be restricted in infants younger than a year old, and 7 days should elapse before administration of an additional dose. For the other agents, CHMP recommends that the dose be restricted in neonates and infants up to 1 year of age and, similarly, that 7 days should elapse before administration of another dose [36] . Pediatric clinicians must weigh the risks and benefits related to gadolinium-based contrast exposure before performing MR examinations with contrast agents.
Regarding the six children with no documentation of gadolinium-based contrast exposure, the International Center for Nephrogenic Systemic Research (ICNSFR) contributed these six cases. The ICNSFR makes the diagnosis of nephrogenic systemic fibrosis based upon the clinical and pathological definition published by Girardi et al. [27] . The definition of nephrogenic systemic fibrosis does not require exposure to a gadolinium-based contrast agent to reach a definitive diagnosis. Consequently, we have made no assumption about prior exposure to these agents in these six children, although the bulk of evidence from many studies suggests such an exposure almost certainly occurred. We justify inclusion of these children not because exposure can or cannot be documented, but rather to reach the most complete accounting of children with nephrogenic systemic fibrosis.
Limitations of this study include the involuntary nature of reporting to FAERS that renders many reports incomplete, despite product-specific information. The issues of redundancy, voluntarism and redaction also provide significant challenges to accurate data authentication. Although only children 18 years or younger were identified, pediatric nephrology centers often follow patients to age 21.
Conclusion
This study reflects a collaborative effort to verify reporting of nephrogenic systemic fibrosis in children. Because this entity is so rare it is important to minimize the effect of over-reporting and redundancy and to confirm that each case is unique. By reviewing published literature as well as the FAERS and the ICNSFR registry databases, we have determined that nephrogenic systemic fibrosis in children is rare.
